Drug reaction with eosinophilia and systemic symptoms (DRESS) syndrome is a rare, potentially life-threatening, T-cellmediated, hypersensitivity reaction that may occur during treatment with various drugs, such as dapsone, allopurinol, and nevirapine [1] . DRESS syndrome, and other T-cell-mediated drug hypersensitivity reactions, have been shown to occur in association with specific HLA alleles. For example, a CD8 T-cell-dependent hypersensitivity reaction during treatment with abacavir, a guanosine analogue human immunodeficiency virus (HIV) reverse-transcriptase inhibitor, is strongly associated with the presence of the HLA-B*57:01 allele [1] . An initial, important clue to the HLA association with this syndrome was the strikingly lower incidence of abacavir hypersensitivity in persons of African ethnicity, who have a much lower prevalence of HLA-B*57:01 than white persons. Similar associations with ethnicity and particular HLA alleles have been observed in relation to delayed hypersensitivity reactions during treatment with another antiretroviral drug, nevirapine. In patients treated with nevirapine the development of Stevens-Johnson syndrome/toxic epidermal necrolysis and DRESS syndrome is associated with the presence of the HLA-C*04:01 allele in persons of African, European, or Asian ethnicity [2] .
Raltegravir is an HIV integrase inhibitor that has been used to treat persons with HIV infection since 2007 [3] [4] [5] . There have been 5 published reports of patients who developed DRESS syndrome while being treated with antiretroviral regimens that
M A J O R A R T I C L E
included raltegravir [6] [7] [8] [9] [10] . Strikingly, 4 of these patients were of African and 1 was of Hispanic ethnicity, with no cases reported in persons of European or Asian ethnicity. This ethnic disparity suggests the presence of a risk allele confined to, or substantially overrepresented, in persons of African or Hispanic ethnicity. We have recently cared for an African HIV-infected man who developed DRESS syndrome while being treated with an antiretroviral regimen that included raltegravir. In view of the strong association between T-cell-mediated drug hypersensitivity syndromes and particular HLA alleles, and the ethnic disparity in reported cases of DRESS syndrome during treatment with raltegravir, we hypothesized that an HLA allele prevalent in African and Hispanic populations, but rare in European populations, would be associated with DRESS syndrome during treatment with raltegravir. We aimed to perform HLA ABC, DRB, and DQB typing of all patients who had been reported to have developed DRESS syndrome during treatment with raltegravir.
METHODS
The clinicians who had reported the occurrence of DRESS syndrome in patients being treated with raltegravir were invited to collaborate in a study to determine the patients' HLA genotypes. Those who agreed to collaborate then explained the study to their patients, and with the patients' informed consent, requested HLA ABC, DRB and DQB typing, which was performed at the relevant local laboratory. We used the RegiSCAR scoring system to classify each case as a possible, probable, or definite case of DRESS syndrome [11] , and we used the Naranjo adverse drug reaction probability scale to estimate for each case the probability that DRESS syndrome was secondary to treatment with raltegravir [12] .
The structures of the relevant HLA molecules were compared using the crystal structure of HLA-B*53:01, Protein Data Bank code 1A1M. Next, DOCKER was used to align the sequence of HLA-B*53:01 with HLA-B*35:01 (PileUp software; GCG Wisconsin Package), calculate sequence similarity based on a BLOSUM62 matrix, and output values for each protein position to correspond to atomic coordinates, which were plotted in 3 dimensions using PyMOL software (PyMOL Molecular Graphics System, version 1.8; Schrödinger).
RESULTS
The features of DRESS syndrome in the current patient were very similar to those in the 5 previously reported patients. The RegiSCAR score classified 2 cases as possible, 3 as probable, and 1 as definite DRESS syndrome. The Naranjo scoring system classified the likelihood that DRESS syndrome was secondary to treatment with raltegravir as possible in 4 patients and probable in 2 ( Table 1) .
The previously unreported patient is a 44-year-old Zambian man, who had HIV infection diagnosed in Auckland during 2006, with an initial HIV load of 4.7 log 10 copies/mL and a CD4 lymphocyte count of 8 × 10 6 /L. Eight years after starting antiretroviral therapy a period of poor treatment compliance led to the development of multidrug resistance, and the patient's treatment was changed to raltegravir (400 mg twice daily), darunavir (600 mg twice daily), ritonavir (100 mg twice daily), zidovudine (300 mg twice daily), and lamivudine (150 mg twice daily). Four weeks later he presented with mild fatigue and an intermittently itchy rash on his arms and legs. He continued his antiretroviral regimen, unchanged, but 5 days later he presented again with significant worsening of both his fatigue and his rash, without fever. The rash was present on his face, arms, and trunk, with diffuse, confluent, infiltrating erythema, with scaling and follicular accentuation. At this time he had eosinophilia (eosinophil count, 1.44 × 10 9 /L), and biochemical evidence of hepatic and renal dysfunction (γ-glutamyltransferase, 383 U/L; alanine aminotransferase, 295 U/L; creatinine, 149 µmol/L) and mild myositis (creatine kinase, 523 U/L). The patient had no urinary eosinophilia and no detectable human herpesvirus 6, EpsteinBarr virus, or cytomegalovirus DNA in his peripheral blood. Antiretroviral therapy was stopped, and the patient's symptoms and biochemical and hematologic abnormalities improved during the next 3 weeks. He then restarted antiretroviral therapy with darunavir (600 mg twice daily), ritonavir (100 mg twice daily), etravirine (200 mg twice daily), zidovudine (300 mg twice daily), and lamivudine (150 mg twice daily), but 3 days later he experienced nasal congestion, itchy eyes, and a sensation of chills, without fever or rash. Blood tests performed 6 days after restarting antiretroviral therapy showed deterioration in hepatic and renal function (γ-glutamyltransferase, 249 U/L; alanine aminotransferase, 126 U/L; creatinine, 116 µmol/L) and a recurrence of eosinophilia (eosinophil count, 1.14 × 10 9 /L) Antiretroviral therapy was again stopped. Nine weeks later antiretroviral therapy was restarted with atazanavir (400 mg once daily), dolutegravir (50 mg once daily), zidovudine (300 mg twice daily), and lamivudine (150 mg twice daily), with no subsequent recurrence of rash, lethargy or abnormal laboratory test results. The patient has since remained in good health.
The current patient, along with 3 of the 5 who had previously been reported to have DRESS syndrome develop during treatment with raltegravir [7, 9, 10] , consented to provide a blood sample for HLA testing. The other 2 patients did not undergo HLA testing [6, 8] . The HLA test results for the 4 patients who were tested are shown in Table 2 . The HLA-B*53 allele and the HLA-C*04 allele, with which the HLA-B*53 allele is commonly haplotypic, were present in all 4 patients. High-resolution HLA testing, performed in 3 of the 4 patients, demonstrated that 2 were homozygous and 1 was heterozygous, for the HLA-B*53:01 allele. No other HLA alleles were shared by all tested patients.
These data suggested that HLA-B*53:01 molecules may be directly or indirectly involved in the mechanisms that induce DRESS syndrome in patients treated with raltegravir. Of significance, the allele for the HLA-B*35:01 molecule, which is very similar to the HLA-B*53:01 molecule, is carried in approximately 10% of persons of European ancestry [13] , but there have not been any reports of DRESS syndrome or other cutaneous reactions to raltegravir in persons of European ethnicity. This suggested that structural features unique to the HLA-B*53:01 molecule, and not shared by the HLA-B*35:01 molecule, may be essential for raltegravir binding. We therefore plotted sequence variability between the HLA-B*53:01 and HLA-B*35:01 molecules to identify unique structural elements.
As shown in Figure 1 , there are 4 polymorphic differences between HLA-B*53:01 and HLA-B*35:01 in the C-terminal end of the α1 helix flanking the antigen binding cleft. To determine whether side chains of the amino acids at these polymorphic sites may be involved in direct interactions with raltegravir, we used molecular docking to predict intermolecular contacts between the drug and the antigen binding cleft of HLA-B*53:01. Abbreviations: DRESS, drug reaction with eosinophilia and systemic symptoms. a High-resolution (4-digit) HLA testing was performed in patients 1, 3, and 5, but only low-resolution testing could be performed in patient 6.
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DISCUSSION
Our study strongly suggests an association between HLA-B*53:01 and raltegravir-induced DRESS syndrome. The carriage rate of HLA-B*53 is approximately 20% in African populations [13] [14] [15] , approximately 6% in American Hispanics [13, 15] , and approximately 0.5% in whites [13, 15] . Therefore, the probability that 3 African and 1 Hispanic patient would be carriers of HLA-B*53, with 2 of 3 African patients homozygous for HLA-B*53, is approximately 0.0000192 (0.2 5 × 0.06). Previous studies have shown that the HLA-B*53:01 allele comprises >95% of all HLA-B*53 alleles [13] [14] [15] . Therefore, it is extremely likely that the Hispanic patient in whom high-resolution testing could not be performed also had the HLA-B*53:01 allele. The finding that 2 of the 4 patients overall were homozygous for HLA-B*53:01, and 2 of the 3 of African origin, is also interesting and raises the possibility that the presence of 2 HLA-B*53:01 alleles may lead to a heightened risk of DRESS syndrome during raltegravir treatment . This is of interest in light of the previous demonstration of a potential gene dose effect for HLA-B*13:01 in relation to dapsone hypersensitivity [16] , and for HLA-B*58:01 in relation to DRESS syndrome or Stevens-Johnson syndrome/toxic epidermal necrolysis during treatment with allopurinol [17] . Previous reports have highlighted the difficulties that may be encountered in confidently diagnosing DRESS syndrome and determining the drug responsible for initiating the adverse reaction [11, 18, 19] . We used the RegiSCAR scoring system to classify each case as a possible, probable, or definite case of DRESS syndrome [11] , and the Naranjo adverse drug reaction probability scale to estimate the probability that DRESS syndrome was secondary to treatment with raltegravir [12] . The proportion of cases considered probable or definite DRESS syndrome in our series (4 of 6:66%) is consistent with that found in the cases enrolled in the RegiSCAR registry (114 of 174:66%), and the proportion in whom causation by raltegravir was considered possible or probable (6 of 6:100%) is similar to the proportion of cases in the RegiSCAR registry in whom a drug was identified as the possible or probable cause of DRESS syndrome (103 of 117:88%) [18] . The recurrence of some symptoms of DRESS syndrome, together with a deterioration in liver function test results, after antiretroviral therapy had been restarted with darunavir, ritonavir, etravirine, zidovudine, and lamivudine raised the possibility that raltegravir was not the causative agent in the current patient. However, the presence of limited symptoms and relatively minor laboratory abnormalities in the absence of rash, on rechallenge with darunavir, was consistent with relapse of DRESS syndrome, and unlike a rechallenge reaction, in which the severity of all symptoms and laboratory findings is intensified compared with the original reaction. Relapse of DRESS syndrome commonly occurs 2-3 weeks after the initial presentation, often when steroids are being weaned, and typically includes a narrower constellation of symptoms and/or less marked laboratory abnormalities compared with the initial presentation [19] . Awareness that the HLA-B*53 allele is very common in African, and to a lesser degree Hispanic, persons, and that it is strongly associated with the development of DRESS syndrome during treatment with raltegravir, potentially could assist clinicians caring for patients with HIV infection. Detection of the HLA-B*53 allele in a patient with HIV infection before starting treatment with raltegravir, particularly if 2 copies of the allele are carried, could alert physicians to the potential risk of a serious, immunologically mediated, adverse drug reaction. The safety and clinical utility of detection of an HLA allele known to be associated with a hypersensitivity drug reaction is influenced by the negative predictive value of the test and the number of patients needed to be tested (NNT) to prevent 1 case. The NNT is influenced by the frequency of the risk HLA allele in the relevant population, the positive predictive value of the risk HLA allele for the development of disease, and the prevalence of the disease itself. The NNT may vary from as few as 13 needed to test to prevent 1 case of abacavir hypersensitivity, to almost 14 000 needed to test to prevent 1 case of flucloxacillin drug-induced liver disease [1] . Our results do not allow us to estimate the negative predictive value, the positive predictive value, or the NNT to prevent 1 case of HLA-B*53-associated, raltegravir-induced, DRESS syndrome.
The absence of any reported episodes of DRESS syndrome in 359 African and 161 Hispanic patients treated with raltegravir in the STARTMRK, BENCHMRK, SECOND-LINE, and SELECT studies and the small number of cases of DRESS syndrome reported in the postmarketing phase of raltegravir development suggest that although raltegravir-induced DRESS syndrome may be underreported, the overall prevalence is very low [20] [21] [22] . This suggests that only a small proportion of patients carrying the HLA-B*53 allele will develop raltegravir-induced DRESS syndrome; however, given the lesser exposure of indigenous African populations to raltegravir, more information is needed regarding the risk associated with this allele. Of additional interest, homozygosity for HLA-B*53 seemed to be overrepresented in our patients. Using allele frequency estimates and assuming adherence to Hardy-Weinberg equilibrium in patients of African origin living in Africa, as opposed to African Americans or African Europeans, homozygosity for HLA-B*53 is predicted to be overrepresented (0.0025-0.04) in continental African populations [13] . This may have additional relevance for the current dose finding trials of raltegravir in African neonates. DRESS syndrome associated with nevirapine has been reported in an HLA-C*04:01-positive 5-month-old infant, demonstrating that T-cell maturation sufficient to allow the development of DRESS syndrome may occur early in life [23] .
We found that the occurrence of DRESS syndrome during treatment with raltegravir was strongly associated not only with the HLA-B*53 allele but also with the HLA-C*04 allele with which it commonly is haplotypic. The close proximity of the genes for HLA-B and HLA-C on chromosome 6 results in combinations of specific HLA-B and HLA-C alleles occurring much more commonly than would be expected by chance. The HLA-B*53/HLA-C*04 haplotype is the most common HLA-B/C haplotype in African Americans (17%) and the 14th most common in Hispanics (4%), but it is very infrequent in white, Asian, and indigenous North Americans and in Europeans (all <1%) [13, 15] . It is important to note that HLA-C*04 is also in linkage disequilibrium with a number of other HLA-B alleles both in African and in other ethnic groups, and therefore it is likely that HLA-B*53 rather than HLA-C*04 is driving the association of the haplotype with raltegravir hypersensitivity. The presence of only 1 HLA-C*04 allele in 1 patient who was homozygous for the HLA-B*53 allele is also supportive of this hypothesis. Interestingly, presence of the HLA-B*53 allele is associated with protection from severe malaria, and it is proposed that this allele arose as a result of a gene conversion event and has been selected for by malaria [24] . Presence of the HLA-B*53:01 allele is associated with an increased risk of progression to AIDS in HIV-1-infected persons [25] , but a reduced risk of progression to AIDS in HIV-2-infected persons [26] .
Further functional, molecular, biochemical, and structural studies are needed to determine the specific mechanism by which treatment with raltegravir leads to the development of DRESS syndrome in persons with the HLA-B*53 allele. However, our findings suggest that raltegravir-induced DRESS syndrome in HLA-B*53:01-positive patients may be caused by an mechanism analogous to that causing the abacavir hypersensitivity reaction in HLA-B*57:01-positive patients. Noncovalent binding of abacavir within the antigen presenting cleft of the HLA-B*57:01 molecule changes the shape and chemistry of the cleft, alters the repertoire of self-peptides that are bound and presented to CD8 T cells, and culminates in the clinical syndrome known as abacavir hypersensitivity [27, 28] . Although our findings suggest that raltegravir may bind within the antigen binding cleft of the HLA-B*53:01 molecule, it is currently unknown whether it acts in a manner similar to abacavir and alters the repertoire of self-peptides presented to CD8 T cells. Just as abacavir hypersensitivity exclusively occurs as a result of binding to the HLA-B*57:01 molecule and does not occur in persons with other very similar HLA molecules, such as HLA-B*57:03 or HLA-B*58:01 [27, 28] , so it seems that raltegravir-induced DRESS syndrome may occur exclusively as a result of binding to the HLA-B*53:01 molecule and not occur in persons with other very similar HLA molecules, such as HLA-B*35:01. These data suggest that raltegravir has the potential to interact with HLA-B*53:01 because the antigen binding cleft has unique structural features complementary to the drug. Alternative possible explanations for the induction of DRESS syndrome by raltegravir include the formation of raltegravir metabolites and/or the induction of specific peptides that are presented in the HLA-B*53:01 binding cleft.
